Abstract: Modern mining methods can drastically change landforms in the project area. Traditional reclamation grading methods often do not address all the criteria that must be met for the desired post-mining land use including water quality standards, in-stream uses, vegetation diversity and other reclamation criteria. Inability to meet or mitigate for these changes caused by the proposed reclamation landform can even stop mining activity from proceeding. A new, natural approach to landform grading called GeoFluv TM (Bugosh, 2003) offers a cost-effective alternative for sustainable mineral development than can satisfy the reclamation criteria and is the heart of the Natural Regrade computer software module (Bugosh, 2006) . Monitoring results of land surfaces and storm water discharge quality, including runoff that meets NPDES discharge limits before reaching sediment treatment ponds, at constructed projects strongly support the effectiveness of the GeoFluv design method at meeting the reclamation criteria (NMED, 2007). The objective of this paper is to summarize subjective observations of reclamation landforms constructed according to the GeoFluv design and the related objective data from large projects over approximately a seven year period to provide a status report of the effectiveness of the method for minimizing erosion and meeting water quality goals.
The reclamation staff recognized that the traditional reclamation approach that uses long, constant-gradient slopes, straight rip-rapped channels and diversions, and terraces and down drains, makes a landform that is not in adjustment with the local climate, earth, and vegetative conditions. That lack of adjustment leads to erosion as the landform attempts to adjust to the site conditions. The GeoFluv approach provides a natural 'erosion control' because it designs a landform that is adjusted to the earth materials, climate, and vegetation in the reclamation area.
The GeoFluv approach identifies geomorphic characteristics that define a landform and uses these as design inputs to make a reclamation landform. The input values are gotten from a stable, or geomorphically mature, landform that has earth materials, climate, and vegetation similar to the project area. When these inputs are measured from stable landforms and then used to design the reclamation landform, there is a high degree of confidence that the reclamation landform will perform similarly to the stable, mature landform from which the inputs values were measured.
The uniformity of traditional reclamation landforms results in fewer ecological niches and, as a result, tends to favor a vegetation monoculture, or worse, to be unsuitable for the desired reclamation species while inviting invasive species. Because the GeoFluv landform has diversity similar to the native, undisturbed land in the mine-site area, it provides the optimal niches for native species productivity which simultaneously provides natural invasive species control.
When this new fluvial geomorphic approach to landform design was introduced to mine land reclamation at the turn of the century, some questioned the feasibility of achieving the functionality of natural landforms in reclamation designs and how the performance of the fluvial geomorphic landform would compare to traditional methods and natural landforms. Since then, users at sites representing different mines and different climates have achieved similar successes with lower costs and improved performance. This paper will provide an overview of that performance, including subjective observations and quantified measurements, from the sites with the longest use of the GeoFluv method La Plata Mine and San Juan Mine. The methodology includes review of site inspection reports, weather monitoring data, NPDES discharge permit report monitoring results, and papers presented by others familiar with the sites. Documenting the performance of the new approach is very important for gaining acceptance of the new approach among mine operators. Some operators (and some regulators) state that they are aware that the reclamation practices they are using are not meeting all their performance goals, but they are reluctant to try an alternative method without definitive evidence of the alternative's superior performance; this paper will provide supporting information of the results that can be expected from using the GeoFluv method for reclamation landform design. The event chronology dictates that the San Juan inspection report is inserted between La Plata reports.
La Plata Mine Background and Site Characteristics
The La Plata Mine was opened to provide a supplemental source of coal for the San Juan The annual precipitation is between 30.5 and 35.6 cm (12 and 14 in). The soils are thin and sandy with bedrock cropping out regularly. The vegetation is sparse, with bunch grasses, some forbes, and stands of pinyon pine and juniper. Together these elements comprise a high, semiarid terrain that is highly erosive.
San Juan Mine Background and Site Characteristics
The San Juan Mine began in 1973 to supply the mouth-of-mine San Juan Generating Station.
It was originally a dragline strip mine, but when the cost of removing overburden became uneconomical for surface mining methods, it converted to an underground longwall operation.
Operated as a conventional strip mine, it had maintained contemporaneous reclamation using traditional grading methods until the introduction of the new grading approach at La Plata. The first application of the GeoFluv reclamation method at San Juan Mine was the Cottonwood Pit reclamation, a 46.5 ha (115-acre) area at the southernmost end of the mine near the San Juan River.
The San Juan Mine is 25.7 km (16 mi) west of the town of Farmington, New Mexico less than 0.8 km (0.5 mi) north of the San Juan River. Elevations at the mine range from about 1,590 to 1,645 m (5,220 to 5,400 ft). The precipitation is only about 23 cm (9 in) annually. The soils are thin and sandy with bedrock cropping out regularly. The vegetation is sparse, with bunchgrass and sagebrush covering most areas and cottonwoods and willows in riparian areas.
This semi-arid terrane is approaching a high desert and is highly erosive.
Monitoring results
In this semi-arid environment, precipitation events great enough to generate discharge in the ephemeral channels occur about six times per year and often during the night and early morning hours when the environmental staff are not on site. The runoff from these storms drains to ponds with capacity to contain ordinary storm discharges as a sediment control measure during construction and in the early stages of completion of the reclamation projects. The combination of these factors means that collection of representative water quality discharge samples during storm events is difficult, although evaluations of observable erosion are possible after every storm. Given these constraints, the following examples of erosion monitoring and water quality sampling provide a clear picture of the landform's performance over a seven-year period at these two sites, and are also typical of experiences at other sites.
First results at La Plata -2000 Plata - -2001 The La Plata Mine reclamation plan was originally designed using traditional grading methods, i.e., terraced slopes with rock-lined down-drains, and erosion rates calculated for those designs predicted that post-reclamation erosion rates and sediment yields would not exceed premine values. When the GeoFluv approach was applied to that proposed landform, the resulting greater number of subwatersheds shortened slope lengths and further reduced the erosion predictions width-to-depth ratios were calculated for the event using the same method as was used for the design and the results compared. A complete description of the GeoFluv design approach is beyond the scope of this paper, but some important channel characteristics relevant to Table 1 are described here. The channel design used geometry from the Williams (1986) relationships for plan view geometry and had a cross sectional area that included a bankfull cross section based on an annual storm event and a flood prone cross sectional area sufficient to contain the entire peak discharge for a 50-yr, 6-hr storm event at the design velocity. This channel was at the edge of the permit area and was constructed in native material which was predominantly medium-size sand; no additional channel lining was used. Four rocks were set into the bank at each meander bend placed at about the 9, 11, 1 and 3 o' clock positions (if the bend apex is considered 12 o' clock) such that the top of the rock was at bankfull elevation. The purpose of these rocks was to keep the stream's erosive energy away from the banks of the channel.
The channels do not have a constant width or depth, but are sized to convey the discharge at point in the channel based on its upstream watershed area; that is why the design cross-sectional areas increase in a downstream direction in Table 1 . The target width-to-depth ratios were appropriate for stable sand bed channels in the 2 to 4 percent slope range. The channel's bankfull cross sectional areas were sized to convey the estimated peak discharge at 1.5 mps (5 fps) velocity based on San Juan Coal Company's Earthen Channel Study: Optimum Design Velocity (1998). The average calculated velocity for reaches 6, 7, and 8 is 1.2 mps (4 fps), good agreement with the design for this smaller than design event. Reaches 6, 7, and 8 are in a GeoFluv-designed channel on the south side of the McDermott that did not exist in the pre-mine landscape, whereas reach 5 is a GeoFluv design for the mouth of a tributary to the new channel in which reaches 5, 6, and 7 are found. The reasons for the different performance from reach 5, calculated much lower at 0.5 meters per second (1.7 fps), may be related to three causes: reach 5 is a short reach at the mouth of a relatively large (4.8 ha, 12 ac) undisturbed watershed that has a lower runoff coefficient, its narrower cross-sectional area may back up water, and the storm intensity may not have been as great over the reach 5 subwatershed. Table 1 also compares the width-to-depth ratios observed for this less-than bankfull discharge event to the design width-to-depth ratios at bankfull discharge. The observed values are greater than the bankfull design values because at the lower discharge of the observed event the smaller volume of water did not fill the channel very deeply. The as-built channel cross section was slightly wider in reaches 6, 7, and 8 than designed for optimal low-discharge sediment transport. This construction deviation is attributed to the difficulty of building 6 to 10 foot wide channels using a D-10 bulldozer with a 17.5 ft-wide blade. Conversely, reach 5 was constructed using a backhoe and its as-built cross section dimensions are slightly narrower than designed. Consequently, the construction methods were adjusted to improve the as-built dimensions in GeoFluv-designed reclamation channels. Importantly, inspection of this Then the automated monitoring site adjacent to the reclamation site recorded 28.7 mm (1.13 in) during a 4-hr event on 10 September, which was followed two hours later by six hours of rain that added 11.4 mm (0.45 in) for a total rainfall of 39 mm (1.54 in) during this 14-hour period.
This was a regional storm affecting several states. The mine had received several heavy rainfalls. Using the automated weather station on Gravel Hill, SJCC was able to document that they had received a 25hr/6yr (sic) event on the South Lease reclaim. They received several other rains totally approximately 78 millimeters (3 in) within one week. This created enough rain to cause the underground mine to shut down due to flooding. SJCC had to send in scuba divers to repair a pump.
The heavy rains occurred within the time frame of reclamation (within first years planting) most likely to cause erosion damage. However, there was only one noticeable erosion feature (some minor erosion features already existed due to irrigation pipe leaks) which occurred on the steepest slope and was predicted in the design. There is no need to complete any stabilization of this one minor feature. All of the drainage channels within the reclaim were stable with minor scouring and deposition occurring as predicted and designed for. The most remarkable result was that the impounded water resulting from the rain event was clear. This is the first time was recorded at the automated monitoring site over two miles away and a wedge rain gauge on the reclamation recorded about 46.7 mm (1.84 in), the rain let up for an hour, then a 6-hr storm dropped 20.3 mm (0.8 in) on the saturated earth and subsided, and after another hour-long break, a 6-hr storm brought another 7.4 mm (0.29 in). The total precipitation during this 18-hr interval was 72.4 mm (2.85 in) at the automated monitoring site and more in the wedge-type gauge. As a point of reference, a 50-yr, 3-hr storm at the site is about 49.5 mm (1.95 in). All the designed ephemeral channels flowed that day. Table 1 above for reaches 6, 7, and 8).
As described above in the La Plata 2000-2001 section, construction methods were subsequently changed to help build channel dimensions as designed. The main changes included slightly steeping the design channel banks and keeping construction, topsoil application, and seeding equipment out of the channel after the initial channel cut had been made. In one upland slope area between channels 3 and 4, some minor surface rilling was observed.
This upland area was designed as a ridge separating these two channels near their headwaters.
After grading and topsoil application, the ridge did not have the relief necessary to convey all water off either side to the south and north into channels 3 and 4 respectively; it had become flattened and allowed some runoff in the extreme storms to flow west down the flattened ridgeline. The extreme 2003 event took place after the reclaimed area had sat dormant for over two years, as most revegetation seeds failed to germinate in the droughty conditions. All the constructed channels remained stable. The company and regulatory staff agreed that the reduction in reclamation runoff coefficient that would occur when the vegetation sprouted would be sufficient to prevent future rilling from this small headwaters area, and no repair work was necessary. This was another instance where the construction crews learned the importance of maintaining the design integrity through grading and topsoil application. For example, a shovel has a specific optimal face cut efficiency and this in turn relates to bench height; by designing the fluvial geomorphic slope and channel elevations to honor these equipment constraints, considerable constructions efficiency could be gained without comprising the environmental goals. The GeoFluv design method had been incorporated into the Natural
Regrade computer software and La Plata Mine used the beta software to design the project before the software was officially released in 2005. The ability to use high-speed computers to make the complex calculations greatly aided the design staff in its efforts to optimize the design for material handling and environmental considerations, while staying ahead of the construction operations.
The La Plata Mine received 53.8 mm (2.12 in) during an extreme 3-hour storm event on 8 deep, down to the spoil surface. At the second site, a point bar in a small channel overtopped, eroding the downstream side of the bar. This overtopping was caused by the sub-ridge that made the point bar being constructed lower than the design. These two instances constituted the only erosion repair work that the Mining and Minerals Division had prescribed on La Plata Mine reclamation since 1999.
The image in Fig. 4 was taken in mid-September of 2006 following the extreme July storm event. Figure 4 shows the same sub-watershed as Fig. 3 after the application of topsoil and seeding, and is typical of the reclamation landform response to the >100-yr recurrence interval storm. The vegetation in the image is just starting and mostly annual plants are visible, representing just the first season's volunteer growth shading the reclamation seeding sprouts.
The erosion monitoring after this extreme storm event documented that the fluvial geomorphic landform performed its functions as designed and found only two areas needing repair, at least one of which was attributable to improper construction. These results strongly suggest that the geomorphic-designed landform with merely a topsoil cover can satisfy erosion control needs sufficient to meet water quality goals, but they do not tell the soil volume or mass that was involved. Although the water quality samples from La Plata The vegetation monitoring to date suggests that varying the seeding rates of the same species from one mixture to another is too subtle a difference to create discrete communities. Figure 9 shows a portion of the south face of the McDermott reclamation with the lower reaches of its valley bottom stream channel the day following a 50-yr, 4-hr discharge event. The forbes are Four-wing Saltbush that were seeded as part of the plant mixes described above. The Saltbush grew vigorously, whereas the grasses were slower to sprout, but eventually did in the cooler, shadier areas around the base of the Saltbush. Also, note that the channel bottom is relatively free of vegetation and the bent-over vegetation on the channel's point bar shows the flood prone area designed into the channel cross section. 
Conclusion
The monitoring results presented above give an overview of the success of the GeoFluv fluvial geomorphic landform design method used since 2000 at the La Plata and San Juan Mines.
They include the response of over 890 ha (2,200 ac) of reclaimed land to extreme storms, including a 50-yr, and >100-yr event.
The erosion monitoring showed that the landforms needed repair in only two small areas, a single rill that eroding up to 15 cm (6 in) and a channel flow that cut across a sub-ridge point bar, both in response to the >100-year storm. The point bar ablation was definitely caused by the grading not meeting the design specification, and although the inspection did not determine the reason for the single rill, it was likely the result of a grading error also as it was the only rill that formed in nearly 809 ha (2,000 ac) of fluvial geomorphic reclamation.
The 2007 snapshot water quality monitoring suggests that the fluvial geomorphic reclamation runoff water quality may be significantly better than adjacent native lands, by orders of magnitude, but further studies to quantify erosion and sedimentation needs to be conducted before this can be conclusively stated. The methodologies to do this could include sampling suspended and bedload sediment in combination with discharge throughout storm events or accurately surveying channel and ponds before and after events to allow quantification of sediment volumes that could be converted to units such as tons per acre per year.
This result is what would be expected because the undisturbed land is not geomorphically mature, but rather is relatively youthful and actively eroding in this highly-erosive semi-arid region, while the reclamation landforms are geomorphically mature. The undisturbed land is made of consolidated sandstone, shale, and coal with thin veneers of weathered regolith and soil.
The reclamation land is made of a spoil mixture of unconsolidated fragments of sandstone and shale with a top-dressing of various growth-mediums. The fluvial geomorphic design that was used is appropriate for unconsolidated earth materials in this climate. Some have questioned whether the change in water quality from up-and down-stream areas will cause problems, but this kind of change can occur in the natural landscape whenever streams flow from one lithology These studies will provide assurance to facilities posting reclamation bonds and agencies evaluating the effects of mining proposals that the method can make truly sustainable reclamation lands. Until those studies are completed, this record of reclamation performance in what is arguably one of the most erosive environments in the continental United States demonstrates that the by using GeoFluv design method reclamation landforms can have erosion resistance and discharge water quality equal to or better than surrounding undisturbed land.
